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LIFE OF METASTABLE HELIUM 
By FABIAN M. KANNENSTINE 
ABSTRACT 
Dependence of critical 4.8-volt striking frequency on pressure.—The critical 4.8-volt 
striking frequency for alternating helium arcs was obtained under improved experi- 
jicago mental conditions for pressures from 0.15 mm to 1omm. The critical frequency 
» sub- decreased rapidly from 260 cycles per second at 0.15 mm pressure to 120 cycles at ¢.75 
; mm, more slowly to 7¢ cycles at 2mm, and remained practically constant at 70 cycles 
Eines tor1omm. The critical frequency increased very slightly as the arc-length decreased 
nited from 30 mm to ro mm for pressures below 3.5 mm, but was practically independent of 
ic, El the arc-length used for pressures above 3.5 mm and up to ro mm. 

agua Interpretation of results on the concept of a long-lived abnormal helium atom.— 
ss The constancy of the critical frequency over a large range of pressures and arc-lengths 
ge = is more naturally interpreted on the concept of a long-lived, abnormal atom than 
pies, on ideas which suggest a strong dependence on pressure such as the handing on of 
‘total radiation or the imprisonment of radiation as suggested by F. Horton and Ann C, 
yable Davies, and by K. T. Compton. The departure from constancy at low pressures may 
be interpreted as due to such rapid diffusion of abnormal atoms from the arc space 

that higher frequencies are necessary to obtain an indication of striking. 

INTRODUCTION 

ome, In a previous paper’ experiments with helium arcs were 
ding described, in one series of which the current-voltage characteristic 
ok: with an alternating e.m.f. impressed on the arc was studied. A 
., on critical frequency between 200 and 220 cycles per second was 


found, below which the are struck at about 25 volts and above 
pub- which the arc struck at about 4 volts. These results were inter- 


preted on the idea advanced by Franck and Reiche’ and Franck 
nois. t Astrophysical Journal §5, 345, 1922. 
TRO- 


2 Zeitschrift fiir Physik, 1, 54, 1920. 
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and Knipping’ that the partially ionized state formed when the 
helium atom has been excited by the impact of 20.5-volt electrons 
is a “‘metastable”’ state which may persist for some time and may 
be even permanently stable in absolutely pure helium. This con- 
clusion is drawn from the fact that the radiation observed with 
electron impacts at this voltage disappeared when the helium was 
very pure, indicating that the displaced electrons do not return to 
the normal form. In slightly impure helium they also observed 
that the radiation, as measured by its photo-effect, appeared to 
continue for a brief time after the exciting electron impacts ceased. 
The striking of the arc at about 4 volts with 220 cycles per second 
indicates that enough of the metastable helium was left, after 
approximately one-half of a cycle, to give an observable indication 
of ionization. 

F. Horton and Ann C. Davies? and K. T. Compton’ have 
advanced another interpretation of the striking of the arc at about 
4 volts. They assume that the abnormal atoms revert to normal 
atoms in a very short time—of the order of magnitude of the dura- 
tion of light emission—with the emission of light, which being 
absorbed by normal atoms puts them in the abnormal state. These 
abnormal atoms in turn revert to normal atoms giving up their 
energy which is again absorbed. ‘This handing on of the radiation 
from atom to atom goes on until the energy escapes from the arc 
space. These authors contend that ,}, of a second referred to 
above was not a measure of the life of the individual abnormal 
atom, but a measure of the time of “escape”’ of the radiation from 
the arc space during which many absorptions and _ re-emissions 
occur. 

Bohr’s theory, however, together with the selection principle, 
indicates that electron jumps from the crossed to the coplanor 
states do not occur with monochromatic light emission, and this 
is experimentally confirmed by the absence of combination lines 
between the two helium series. As long as the selection principle 
holds, the metastable atom cannot go directly back to the normal 
state with monochromatic light emission. Violations of the selec- 


* Zeitschrift fiir Physik, 1, 320, 1920. 


2 Philosophical Magazine, 44, 1140, 1922. 3 [bid., 45, 750, 1923. 
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tion principle may be brought about by strong momentary fields. 
In absolutely pure helium then, neglecting the effects at the walls 
and the electrodes, the abnormal atom would appear permanently 
stable, for at a collision with a normal helium atom there would 
merely be the possibility of an exchange of energy between the 
abnormal and the normal atom; experimentally, we may have no 
evidence of this exchange. At a collision with an impurity, strong 
momentary fields would again come into play and the abnormal 
atom would return to the normal form. 

Experiments by Paschen,' which show that in pure excited 
helium resonance radiation may be caused by the infra-red line 
10830 A, also support the concept of a metastable state. All 
the energy of this wave-length absorbed by the excited atoms was 
found to be re-emitted as radiation of this same wave-length. In 
terms of Bohr’s model this means that the radiation is absorbed 
by atoms which have already absorbed the energy corresponding 
to the radiating potential, 20.5 volts, and that the displaced 
electrons return to this partially ionized state only, and not to 
the normal state. 

This paper is a report of further experiments with helium arcs, 
in which, under improved experimental conditions, data are secured 
which seem to strengthen the concept of a long-lived atom, and 
in which it has been possible to obtain a life as long as approxi- 
mately ; jy of a second. 


EXPERIMENTAL PROCEDURE 


The arcs were formed between a Wehnelt cathode and nickel 
disk anode in a pyrex tube 8 cm in diameter. The current-voltage 
characteristics of the arc were studied by the use of a sensitive 
Braun tube oscillograph. The electrostatic deflecting plates of the 
Braun tube were connected across the electrodes of the helium 
tube, while the arc current passed through the electromagnetic 
deflecting coils. The electrostatic and electromagnetic deflec- 
tions were at right angles, so that the figure on the screen of the 
Braun tube was a graph in rectangular co-ordinates of the 
impressed e.m.f. and the are current. The deflecting coils were 


* Annalen der Physik, 45, 625, 1914. 
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so adjusted that the thermionic current alone did not produce any 
observable deflection. 

In the previous experiments the helium had been carefully 
purified with charcoal immersed in liquid air and heated copper 
oxide, and had been passed through two additional charcoal tubes 
and a liquid-air trap before passing into the experimental tube. 
During the observations the gas was stagnant in the experimental 
tube and the removal of any impurities given out by the parts of 
the experimental tube were taken up by diffusion to the connected 
charcoal tubes. The tube and liquid-air trap had been baked 
out at 450° C. for several days before the helium was admitted. 

In the new experiments, in order to obtain helium of greater 
purity, the gas, previously purified with charcoal and copper 
oxide, was circulated through the experimental tube by a mercury 
vapor pump. ‘To prevent mercury from entering the experimental 
tube, the entrance and exit of both the diffusion pump and the 
experimental tube were protected with liquid-air traps. Three 
charcoal tubes were placed in the circulatory system, two at the 
entrance and one at the exit of the experimental tube. 

The filaments used in the first experiments were prepared by 
coating a platinum strip with the oxides of barium and strontium. 
At the time we thought these filaments were fairly active, but Dr. 
H. Rossbacher and Mr. E. E. Rosaire, of the Western Electric Co., 
Inc., very kindly prepared some coated filaments for these experi- 
ments, which were enormously more active than the coated ones 
used in the first experiments. 

Figures 1 and 2 show the type of figure observed under the old 
conditions. In the case of Figure 1, the arc was excited with 60 
cycles per second taken from the city mains, from which a large 
amount of energy was available. It is seen that at a certain 
voltage the arc strikes, and as the voltage increases the current 
increases also. When the voltage decreases, the current decreases 
at the same time, but continues with considerable magnitude 
until the voltage reaches a value of about 4 volts, when the current 
ceases to flow. This continuation of the are to very low potentials 
was attributed to the persistence of a metastable form of helium 


in which an arc may be maintained down to about 4 volts. 
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For frequencies above 60 cycles per second use had been made 
of two borrowed vacuum tube oscillators, and Figure 2 shows the 
type of figure observed above 220 cycles per second with these 
oscillators. The arc struck at about 4 volts, and the current 
rapidly attained a saturation value at which the arc current con- 
tinued until the voltage had reached about 25 volts, when a second 
sudden increase was obtained. The decreasing part of the curve 
was above the increasing part, but fell to zero at the lower striking 
voltage. 

With 200 cycles per second no appreciable arc formation at the 
lower voltage was observed, indicating that the metastable helium 


LA LA 


ay 


| | 


Fic. 1 Fic. 2 


practically disappeared in less than approximately 4} of a second. 
The striking of the arc at about 4 volts with 220 cycles per second 
indicated that enough of the metastable helium was left after 
approximately 4}, of a second to give an observable indication of 
ionization. The lowest frequency which causes an_ observable 
indication of ionization at about 4 volts we will call the “critical 
frequency.” 

It will be observed in Figure 2 that after the higher striking 
potential has been reached, very little increase of the voltage and 
only a small increase of the ionization current occurs, while with 
60 cycles per second a very large ionization current is obtained at 
the higher striking potential. This difference in the figures is 
due to the voltage characteristic of the sources of e.m.f. At 60 


cycles per second a large amount of energy was available and the 
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voltage was practically independent of the load, while with the 
vacuum tube oscillators used the voltage decreased rapidly as the 
current increased. 

To eliminate the objections to this falling-voltage characteristic, 
a new vacuum tube oscillator was constructed having considerable 
energy output. The circuit was so arranged that the output of 
the oscillator could be controlled and so that any changes in the 
load conditions did not affect the frequency. 


OBSERVATIONS 


Under these new conditions figures similar to Figure 1 could be 
obtained just below the critical frequency. As the frequency was 
gradually increased ionization at about 4 volts suddenly occurred, 


LA 
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and the ionization current continued for a brief time, as shown in 
Figure 3. This ionization current continued for a longer and longer 
time as the frequency was increased until the figure had the form 
shown in Figure 4. 

The critical frequency was now measured over a range of 
pressures and arc-lengths. The pressure was varied from 0.15 mm 
to 10mm and the arc-length, as measured from the anode to the 
nearest point of the cathode, was varied from 10 to 30mm. _ Dur- 
ing these observations the quantity of abnormal atoms present, 
as measured by the ordinates of the decreasing curve above 4 
volts, was kept constant. 
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Curves plotted from these data are shown in Figure 5. As the 
pressure increased the critical frequency decreased rapidly to 
about 70 cycles per second at 2 mm pressure and remained practi- 
cally constant at 70 cycles per second to 10mm pressure. The 
critical frequency increased very slightly as the arc-length 
decreased from 30 to ro mm for pressures below 3.5 mm, but was 
practically independent of these arc lengths for pressures above 
3.5 mm and up to 1omm. 
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DISCUSSION 

The shape of these curves, as well as the form of the lower 
ionization current shown in Figure 3, may be interpreted on the 
concept of a long-lived abnormal helium atom. 

In order to produce an observable indication of ionization at 
about 4 volts, a large number of abnormal atoms must be present 
when the e.m.f. returns to 4 volts, after having passed through 
its negative values, otherwise the deflection on the Braun tube 
screen is too small to be observed. While the e.m.f. is passing 


through these negative values, the abnormal atoms may escape 
| from the arc space in at least two ways. They may diffuse out from 
the arc space or they may revert to normal atoms by collision with 
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impurities. Probably both of these phenomena are going on, for 
it is very unlikely that the helium was “absolutely” pure. 

Diffusion of the atoms out from the arc space would influence 
the shape of the critical frequency-pressure curve in the following 
way. At low pressures the abnormal atoms would diffuse rapidly 
from the arc space, and as the pressure increases this time of difiu- 
sion would become longer and longer, finally becoming even 
greater than the life of an abnormal atom. Since a large number 
of abnormal atoms are necessary to produce suflicient ionization 
current to be observable, the e.m.f. must return to 4 volts later and 
later as the time of diffusion becomes longer and longer; i.e., as the 
pressure increases the critical frequency becomes smaller. How- 
ever, when a pressure is reached at which the time of diffusion is 
comparable with or greater than the life of an abnormal atom, 
the critical frequency becomes dependent upon the life of the 
abnormal atom and further increase of the pressure does not lower 
the critical frequency. 

The shape of the critical frequency-pressure curve is in agree- 
ment with this idea of diffusion. The constancy of the critical fre- 
quency over a large range of pressure (see Figure 5) indicates that 
the abnormal atom has a definite life of about ; 1 of a second under 
the conditions of these experiments. The idea of the handing on 
of radiation or the imprisonment of radiation suggests a strong 
dependence on pressure, which is not found to be the case in these 
experiments. 

As pointed out in the introduction, these abnormal atoms 
are permanently stable in absolutely pure helium, and revert to 
normal atoms only when conditions exist under which the selection 
principle is violated. Neglecting the effects at the walls and the 
electrodes, the life of the abnormal atom would then depend upon 
the partial pressure of impurities present, for the mean free path 
between molecules of the impurity would be the controlling factor 
in determining the life of the abnormal atom. Probably this is 
the explanation of the longer life obtained in these experiments 
as compared with that obtained in the earlier experiments, for 
circulating the gas during observations certainly gave purer helium 


than was obtained with the gas stagnant in the experimental tube. 
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The decrease of critical frequency with increasing arc-length 
is probably due not only to the difference in diffusion times with 
different arc-lengths, but also to the greater probability of electron 
impact with longer arc-lengths. 

The increase in the time of decay of the lower ionization current 
as the frequency was gradually increased above the critical fre- 
quency is probably due to the persistence of the abnormal atoms; 
the lower ionization current will continue as long as there are 
sufficient abnormal atoms present. Manifestly the sooner the 
e.m.f. returns to 4 volts the longer will the arc continue. 


SUMMARY 


The experimental results may be summarized as follows: 

1. The previously reported measurements of the life of meta- 
stable helium atoms were repeated under improved experimental 
conditions under which a life of approximately ;], 01 a second was 
found. 

2. Critical frequency-pressure curves have been obtained which 
show that critical frequency is independent of pressure over a 
large range of pressure. ‘This fact is interpreted as being caused 
by a long-lived abnormal atom, rather than being due to the 
handing on of radiation or the imprisonment of radiation, which 
suggest a strong dependence on pressure. 

3. The departure of the critical frequency-pressure curve from 
a straight line at low pressures is interpreted on the idea of diffusion 
of the atoms from the arc space. 

4. The observed actual life of about ,; |, of a second instead of 
an infinitely long life is supposed to be due to the presence of 
impurities which cause, at an encounter with an abnormal atom, a 
violation of the selection principle, bringing the abnormal atom 
to the normal state. 

The author’s thanks are due to Mr. Milton Marshall and Miss 
Ann B. Hepburn for their help in the experimental part of this 
work, to Dr. H. Rossbacher and Mr. E. E. Rosaire for preparing 
the filaments, and to Professor A. J. Dempster for many valuable 


suggestions. 
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DETERMINING FACTORS IN THE LIFE OF 
METASTABLE HELIUM 
By A. J. DEMPSTER 
ABSTRACT 

Mathematical theory of the influence of impurities and diffusion on the apparent life of 
metastable helium. ‘The-experiments of Kannenstine on the life of metastable helium are 
compared with a theory in which the effects of impurities and diffusion are treated math- 
ematically. If the impurity has a constant partial pressure of 1.8 10-5 millimeters of 
mercury and the diffusion coefficient for the metastable atoms is one-third of that given 
by the kinetic theory of gases for normal helium, agreement is found on the idea that 
collisions with the wall cause the metastable state to revert to the normal at once. 
The dependence of frequency on pressure deduced from a theory of radiation diffusion 
is found not to agree as well as that based on the idea of a metastable state of the atom 
which persists until destroyed by a collision with an impurity or with the walls. 

In recent experiments with alternating-current arcs it has been 
shown by Dr. F. M. Kannenstine' that the first excited state of the 
helium atom produced by the impact of 20.45 volts electrons may 
persist for a considerable time after the excitation is removed. 
In a later paper he has measured the dependence of the duration of 
this metastable state on the pressure of the gas. Over a consider- 
able range of pressure the rate of decay is found to be independent 
of the pressure, but at low pressures the rate apparently increases 
greatly. He supposes that at the higher pressures the metastable 
state is destroyed by collision with some impurity that is evolved 
from the walls or metal parts and is thus present at a constant 
partial pressure; at low pressures it is to be expected that diffusion 
would become important and aid in removing the metastable 
helium from the are space. In this paper the observed values are 
compared with those predicted by the kinetic theory of gases. 

Kannenstine’s experiments were carried out in a_ spherical 
vessel of 4 cm radius, and the simplest assumption, that may be 
handled mathematically, is that the metastable atoms diffuse 
out to the walls of the vessel, where they give up their energy and 
revert to normal atoms. If m is the number of metastable atoms 
per cc and 6 the rate of destruction by collisions with the impurity, 


t Astrophysical Journal, 55, 345, 1922. 
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we have the following diffusion equation in polar co-ordinates plus 
the term $n for the change of 7 with time. 

an 2 On 

Here D is the diffusion coefficient and 7 the distance from the center 
of the sphere. Putting ur e*=w the equation reduces to 


Since the arc appears to fill the bulb at low pressures where diffusion 
becomes important, we may assume that initially is constant and 
equal to m. If we also assume as boundary conditions that n=o0 
for r=R, the radius of the sphere, we obtain for the center of the 
sphere, 
ne®' = 2n, Pug Pig ) 


the problem being similar to the cooling of a sphere having its 
surface at a fixed temperature.’ 
In Dr. Kannenstine’s experiments a frequency f was observed 
I 
such that during approximately half a cycle (:- *) the amount of 
helium in the arc space decayed to a density ,, so that no striking 
of an arc in the metastable state could be noticed. If f, is the con- 
stant frequency at high pressures where diffusion is absent, 
ny B 


n 
2 and —= 
No Ne 


the latter equation holding at pressure below 1 mm of mercury 
where the first term of the series is sufficiently accurate. For these 
pressures, we may deduce a simple relation between f and /p in 
terms of 8, f and D. Putting f,=70, n,/n=1/10, and D=330/p 
where p is the pressure in millimeters of mercury, we have 6 = 322 
and 


f= 53-8+33-9/P . 
t Ingersoll and Zobel, Theory of Heat Conduction, p. 133; Weber-Riemann, Partielle 
Differential Gleichungen, 2, p. 111. 
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This curve is drawn in Figure 1, and Kannenstine’s values for an 
arc length of 3 cm are indicated as circles. For long arc lengths 
our initial and boundary conditions are most nearly realized. The 
values of the curve above one millimeter pressure are computed, 
using three terms of the series. 

We see that the agreement between the observed and computed 
values is very good for the longest arc length. For shorter arc 
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Pressure in mm of mercury 


FIG. 1 


lengths higher frequencies are observed at the same pressure, 
possibly due to an increased influence of the electrodes in destroying 
the metastable helium or, as suggested by Kannenstine, to a restric- 


tion of the position for ionization to the neighborhood of the anode. 

The value of D given by the kinetic theory of gases is equal to 
1.20 k/p where k is the coefficient of viscosity and p the density, or 
to 3lc, approximately, where / is the mean free path and c the 
average velocity. ‘Taking the values for helium as applying to 
helium in the metastable state, we find D=1120/) where p is the 
pressure in millimeters of mercury. With our assumption of zero 
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concentration of the metastable helium at the wall, this coefficient 
leads to a more rapid decrease than that observed since the agree- 
ment in Figure 1 was obtained with a diffusion coeflicient D = 330/ p. 
The models of the helium atom based on Bohr’s theory would lead 
us to expect a smaller free path and a smaller diffusion coefficient 
for the metastable atom than for the normal. If a reduction to one- 
third is possible on this ground, we may consider the boundary 
conditions used above as justified. Otherwise we could modify 
the boundary conditions by assuming that many collisions must 
occur at the walls before the metastable state reverts to normal, 
so that the concentration at the wall is not zero. The problem 
arising from these assumptions is similar to that of the cooling of a 
sphere by radiation, and boundary conditions may be found that 
give agreement with Kannenstine’s observations even when the 
diffusion coefficient for normal helium is used. The solution for 
the center of the sphere takes the form 


—Dm? —Dm*t 
né'=c,e Dmit4 4. 


where ¢, ¢, m, ml, are constants and m,>2m,. Thus for low pressures 
the first term gives us a relation between / and p of the same type 
as that found above. 

The partial pressure of the impurity that is required to give the 
rate of decay observed at high pressures may be obtained by 
equating e735? to e~*! or e~i where c is the average velocity of the 
helium atom and / the average total path before a collision with a 
molecule of the impurity. This path (373 cm) leads to a partial 
pressure of the impurity of 1.81075 mm of mercury, assuming 
the molecule to have a radius of 1.9X107° cm, as would hold 
for most of the foreign gases that might be present. 

In recent papers F. A. Horton and A. C. Davis," and K. T. 
Compton’ have claimed that the stability of partially ionized 
helium may be only apparent, and that the essential phenomenon 
may be the slow escape of the radiation itself. The time interval 
during which the atom is in the partially ionized state is assumed 


* Philosophical Magazine, 14, 1140, 1922. 


2 Tbid., 45, 750, 1923. 
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to be of the order of 1077 to 107° seconds, as required by the classical 
radiation theory and observed for hydrogen under certain experi- 
mental conditions.‘ The radiation is absorbed very rapidly by nor- 
mal atoms, putting them in turn into the partially ionized state. 

As pointed out by Kannenstine, such a view of the decay process 
involves a strong dependence on the pressure, contrary to the 
observations at high pressures. It is possible, however, that the 
diffusion assumed by Kannenstine to occur at low pressures and 
calculated above on the ideas of the kinetic gas theory may also 
be interpreted as radiation diffusion in the sense discussed by these 
authors. A corollary of this interpretation would be that the 
destruction by impurities at high pressures does not lead to the 
emission of the radiation of helium corresponding to the return to 
the normal state, since this radiation would be subject to the slow 
diffusion process which is found not to apply at these pressures. 
The excited atoms on this view must be supposed to form temporary 
compounds and to emit light of other wave-lengths. 

Professor K. T. Compton deduces a diffusion coefficient for 
the radiation D=3/c=4 1/a 1/ar. Here / and c, the mean free 
path and average velocity in the usual kinetic theory formula, are 
interpreted in terms of a, the absorption coefficient for the radiation, 
and 7, the average time between successive emissions of the radiation. 
We thus have /=1/a, and the average molecular velocity c is 
replaced by the average distance that the radiation goes divided 
by r. The scattering coefficient given by Lamb, p/a=1.54/NX’, 
leads to a value p/a=1.16X10~°. This value is multiplied by 
10,000 since this correction factor appears necessary for the absorp- 
tion coefficient of the mercury line A\=2536. ‘Taking r=2.2 1077 
we find the diffusion coefficient D = 203.5/p?, where p is the pressure 
in millimeters of mercury. We see that the coefficient agrees ap- 
proximately with that used above for values around 1 mm pressure. 

An interpretation of the “handing on of radiation” based on a 
*‘light-quantum”’ hypothesis also leads to a diffusion coefficient. 
If we imagine the radiation to be handed on in concentrated bundles 
from atom to atom and assume the free path to be of the order of the 


*W. Wien, Annalen der Physik, 60, 597, 1919; 66, 230, 1921; A. Dempster, 
Physical Review, 15, 138, 1920; Astrophysical Journal, §7, 193, 1923. 
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kinetic theory free path, we have p/a=1.6 X 1075 X 760 =1.2 X107?. 
Assuming 7 = 2.2 X1077 we have D=} 1/a 1/ar = 218/p’. 

The dependence on pressure is however against these interpreta- 
tions of the diffusion coefficient. The dotted curve in Figure 1 
is the curve obtained by taking D = 330/p’, that is, assuming agree- 
ment at 1 mm pressure. We see that the very great diffusion 
required by the formula at low pressures leads to values of the 
frequency much greater than those observed. We thus conclude 
that Kannenstine’s observations are in complete agreement with the 
view that the metastable helium atom produced by electron impacts 
of 20.4 volts is unable to revert to the normal state except under 
the influence of collisions with the walls or with some impurity in 
the helium gas. 


RYERSON PuHysICAL LABORATORY 
January 1924 
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SPACE-VELOCITIES OF LONG-PERIOD VARIABLE 
STARS OF CLASSES Me AND Se’? 
By GUSTAF STROMBERG axp PAUL W. MERRILL 
ABSTRACT 

Computation of velocity-ellipsoids—The three rectangular velocity-components 
of the motion relative to the sun of 80 long-period variables of spectral classes M and S 
have been computed ftom the radial velocities, proper motions, and absolute magni- 
tudes. The stars were divided into two groups according to their spectra: (1) Mire 
to Moe; (2) M7e, MS8e and Se. The elements of the velocity ellipsoids for each 
group were determined, and are given in Table I in galactic co-ordinates, and in Table I 
in equatorial co-ordinates. ‘The direction of the major axis is about the same in both 
groups as for other classes of stars, but the dispersion of the velocities is much larger, 
especially for the first group. 

The asymmetry in the velocity distribution is very marked among these stars, as 
evidenced by the fact that the first group (containing the fastest moving stars) is shifted 
farther from the origin toward the third quadrant of the galactic longitude than is the 
other group. 


Recent determinations of the radial velocities of long-period 
variable stars’ in combination with their measured proper motions 
have enabled us to compute the three components of the space- 
velocities of 80 variables of spectral types Me and Se. The dis- 
tances of these stars were obtained from the absolute magnitudes 
for the different subdivisions as given in a recent investigation.$ 
The proper motions were taken from Wilson’s list, which includes 
a few determinations by Miss Young and Miss Farnsworth. 

The formulae for computing the three velocity-components in 
the equatorial system of co-ordinates are given in Mt. Wilson 
Contr., No. 245.5 They have been reduced to the galactic system 
of co-ordinates, the pole of the galaxy being assumed to have 
the co-ordinates a=190°6, 6=27°2 (1900). ‘The x-axis is directed 
along the intersection of the galactic plane with the equator (the 
positive end toward Aquila, right ascension 18"43™), the y-axis 
toward go galactic longitude, and the z-axis toward the north 


* Contributions from the Mount Wilson Observatory, No. 268. 

2 Mt. Wilson Contr., No. 264; Astrophysical Journal, 58, 215, 1923. 
3 Mt. Wilson Contr., No. 267; Astrophysical Journal, 59, 97, 1924. 
4 Astronomical Journal, 34, 183, 1923. 

5 Astrophysical Journal, 56, 205, 1922. 
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galactic pole. The equations for computing the galactic co- 
ordinates (x, y, s) from the equatorial co-ordinates (£, n, ¢) are the 
following: 

x=+0.185 E—0.983 

y=+0.449 £+0.084 n+0.889 } (1) 

s=—0.874 £—0.164 n+0.457 


Throughout this investigation the velocities of the stars are 
referred to the sun as origin and are expressed in kilometers per 
second. 

The fact that the stars studied have fairly large radial velocities 
makes them of special interest, as they provide additional material 
for testing the relation between internal speed and group-motion.' 
Evidence that such a relationship exists for these stars was given 
in a recent investigation of their radial velocities? In that 
connection it was shown that the solar motion is dependent upon the 
average residual radial speed of the stars in the group relative to 
which the sun’s motion is referred. 

An approximate division into groups of different relative motions 
could be made simply by grouping the stars according to their 
spectra. To avoid making the number of stars in each group too 
small, only two groups were formed. The first contains stars of 
spectral types Mie to Moe and the second, stars of spectral types 
M7e, M8e, and Se. These two groups seem from the previous 
study of the radial velocities to be fairly homogeneous as regards 
their average velocities. 

After the velocity-components relative to the sun and in the 
galactic system of co-ordinates had been computed, their algebraic 
means were derived. These means appear in Table I as the co- 
ordinates of the centers of the two velocity-groups. ‘The moments 
of second order about the means were then computed from the 


formulae: 
) 


1 Mt. Wilson Contr., No. 245; Astrophysical Journal, 56, 265, 1922. 
2 Mt. Wilson Contr., No. 264; Astrophysical Journal, 58, 215, 1923. 
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The principal axes were then computed in the ordinary way by 
introducing the condition that the sums of the squares of the pro- 
jected velocities should be maxima or minima. Projecting the 


velocity V1, upon an axis whose direction-cosines are a,, a2, 
and a; we have 


Taking the mean value of the squares of & and introducing the 
additional condition 
aita;t+a;=I 


we can find the maximum and minimum value of & by equating 

to zero the partial derivatives of the following expression: 
We thus find the following equations: 


aX (: 


+ 429121 + 0;(2; d) 


These equations give us values of a,, a., and a, different from zero, 
only if the determinant vanishes. This condition leads to the third- 
degree equation 


M+ part ) 
where 
(4) 
2 2 2 


After solving the cubic equation, we can find the three direction- 
cosines of each of the three principal axes from equation (3). The 
dispersions (mean square velocities) along the three principal axes 
are equal to the square-roots of the three values of X. 

The galactic longitudes and latitudes of the three principal axes, 
together with the dispersion along each axis (a, }, c), are found in 
Table I. 
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This method of computing the velocity-ellipsoids, which has 
been used by Newcomb (for other purposes), Charlier, Raymond, 
Gyllenberg, and others, is probably the simplest one, but has 
the disadvantage of giving altogether too high weights to large 
velocities. It is analogous to the computation of mean errors from 
the sums of the squares of the residuals. If the observations are 
few in number and have a large dispersion, and especially if the 
distribution of errors (velocities) does not follow closely the assumed 


TABLE I 


ELEMENTS OF THE Two VELocITY-ELLIPSOIDS REFERRED TO THE SUN AND 
TO THE GALACTIC SYSTEM OF CO-ORDINATES 


CENTER Major Axis INTERMEDIATE AXIS Minor Axis 
| b L | 
km //sec./km/sec.|km/sec. } km/sec ‘sec km/sec 
Mie to M6e 47. —35-3 |—20.8 | —5.1  164%1|—2°1 55.0 | 232° +84°%5| 46.4 | 7423 |+ 38.4 
M7e, M8e, Se 30 —20.8 |—13.9 —1.4 161.0}/—8.0 37.8 69.9) 7.2) 24.2 +79.2] 20.5 
| 


TABLE II 
ELEMENTS OF THE VELOCITY-ELLIPSOIDS REFERRED TO THE EQUATORIAL SYSTEM OF 
CO-ORDINATES. DISPERSION ALONG PRINCIPAL AXES CORRECTED FOR THE EFFECT 
OF ACCIDENTAL ERRORS IN THE ABSOLUTE MAGNITUDES AND THE PROPER MOTIONS 


| 
CENTER | Major Axis INTERMEDIATE AXIS Mrnor Axis 
| 
SPECTRUM % 
a | 6 v | a | 6 | a | a | 6 | b a | 6 c 
\km/sec | km/sec | km/sec |km/sec. 
Mie to Meée.. .| 108°7|—30°3| 41.3 | 91°3 49.8 18629] +22°8) 40.2 | 333°6|+63°2| 31.0 
M7e, MBe, Se..| 114 4)—31 2} 25.1 | 84.5 |+12.9] 35.7 $38.2) +50.4| 21.1 184.2/+36.0 37.2 
| | | | | H 


distribution-law, the dispersion computed from the sum of the 
squares may be misleading. If the number of stars is large enough, 
the method devised in Contribution No. 245, with proper weights 
attached to the equations of condition, probably gives better 
results. The application of this method is hardly warranted in the 
present case as the number of stars is too small. 

The dispersions a, b, c given in Table I are systematically affected 
by the accidental errors in the proper motions and _ parallaxes. 
These errors produce a dispersion in addition to that due to the 
true velocities. If we assume the mean errors in the absolute 
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152 
magnitudes to be to0.4 and accept the errors given by Wilson in his 
list of proper motions (/oc. cit.) we can correct the dispersion for 
the effect of these errors. These corrected values of the dispersion 
are given in Table II together with the equatorial co-ordinates of 
the centers and of the principal axes. 

The data given in Tables I and II show that the major axes of 


the two groups are nearly parallel to each other. The minor axis 


-|50 -50 
x +50 
x 
X 
«x x 
x x 
x 
x 
x 
— — -100 

| 

x 
50 

Fic. 1.—Projection of the velocity-ellipsoids on the galactic plane. The largest 


ellipse corresponds to stars of classes Mie to M6e (represented by crosses). The other 
solid-line ellipse corresponds to stars of classes M7e, MSe, and Se (represented by dots). 
Points inclosed in small circles were omitted in the computations. The dotted ellipse 


corresponds to slow-moving stars of other spectral types. 


for the first group falls near the galactic plane, whereas the minor 
Whether 
this difference is real or not, it is impossible to say because the two 
Wilson found 


axis for the second group passes near the galactic pole. 


smaller axes for the second group are nearly equal. 
in his study of the proper motions of 219 red stars that the smallest 
axis is directed toward the pole of the galaxy, but the dispersions 
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along the two smaller axes do not differ much. The directions of 
the major axes are in fair agreement with the values given by Wilson, 
a=98°o, 6=+11°%9. 

The most interesting feature is the difference in group-motion 
as evidenced by the different co-ordinates of the centers of the two 
groups. ‘This shift of the center of the velocity group with increas- 
ing internal motion is very striking for this class of stars. In our 
previous paper’ a close correlation was found between the solar 
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00 
Fic. 2.—Projection of the velocity-ellipsoids on a plane perpendicular to that of 
the galaxy. 
velocity and the average radial velocity for the different sub- 
divisions of spectral type Me. This shift is really an indication of 
an inherent asymmetry in the velocity-distribution, which seems to 
be of a very general nature as it can be traced among all classes of 
stars and even among globular clusters and spiral nebulae.’ 
In the diagrams are shown the projections of the two velocity- 
ellipsoids on the xy- (galactic) and xs-planes. The crosses and dots 
1 Mt. Wilson Contr., No. 267; Astrophysical Journal, 59, 97, 1924. 


2 Proceedings of the National Academy of Sciences, 9, 312, 1923. 
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represent the velocities for individual stars in the first and second 
groups, respectively, projected on the two planes. ‘The line from 
the origin to a cross or dot thus represents the velocity-vector of a 
star relative to the sun, projected on these two planes. The 
dotted ellipse is the intersection with the two planes of the velocity- 
ellipsoid for stars of small relative velocity, the elements of the 
velocity-ellipsoid being taken from the data given in Mount Wilson 
Communications, No. 84.'_ The small square indicates the general 
group-motion of ordinary stars and has the co-ordinates —17.0, 
—7.4, —7.4km. The vector from the small square to the origin 
represents the usually adopted velocity of the sun relative to the 
stars. In equatorial co-ordinates this velocity is 20 km/sec. toward 
the apex a=270°, 6=+30°. The small square does not coincide 
with the center of the smallest ellipsoid because the velocity of the 
sun as derived from stars of small velocity is itself somewhat smaller 
than the velocity derived from bright stars in general. 
Mount WILSON OBSERVATORY 
September 1923 


* Proceedings of the National Academy of Sciences, 9, 312, 1923. 
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THE ELECTRIC FURNACE SPECTRUM OF 
TITANIUM IN THE ULTRA-VIOLET' 
By ARTHUR S. KING 
ABSTRACT 

Furnace spectrum of titanium, 2600 to  3883.—This paper supplements Mount 
Wilson Contribution, No. 76, published in 1914, which covered the region \ 3888 to 
\ 7364. Temperature stages of 2000°, 2250°, and 2600°C. were employed to observe 
the initial appearance and rate of increase in intensity of the ultra-violet lines. The 
spectrograms were made in the first and second orders of a 15-foot concave grating. 
The table gives the temperature classification of 785 lines, and their relative intensities 
in the arc and at the three furnace temperatures. New wave-lengths are given for 
333 furnace lines which have not been measured in the arc spectrum, or for which the 
arc values are poor, owing to diffuseness or blends. Many of the new wave-lengths are 
for lines which are very weak in the arc, denoted by I A, II A, etc. Comparison photo- 
graphs of the spark spectrum were made for the selection of enhanced lines, which in 
this region are found to appear at lower temperature than the enhanced lines in the 
visible spectrum. The classification thus includes many lines of the ionized atom, and 
note is made of phenomena of reversal and dissymmetry in the condensed spark. A 
mixture of titanium with potassium had the effect of suppressing the enhanced lines 
of titanium, as has been noted in other cases of mixture with elements of lower ionizing 
potential. 

A former paper’ by the writer gave the furnace lines of titanium 
in the visible spectrum, with their classification. The material 
now presented covers the ultra-violet as far as \ 2600. In this 
region, the enhanced lines are very numerous, and a large propor- 
tion of them are emitted at the higher furnace temperatures. It 
has been possible, therefore, not only to classify the lines of the 
neutral atom with fair completeness, but to make a beginning for 
the ionized spectrum by including the stronger enhanced lines, with 
their furnace intensities and their behavior as to reversal and dis- 
symmetry in the spark. 

As the wave-length tables for this region are far from complete, 
and as the vacuum furnace emits strongly many lines which are 
faint in the arc, and sharpens others which in the arc are wide and 
hazy, it has been necessary to measure a large part of the furnace 
spectrum. This has resulted in the listing of many new lines, and 
in the revision of some arc wave-lengths which are notably poor. 
Of the 785 lines tabulated, new wave-length values are given for 333. 

* Contributions from the Mount Wilson Observatory, No. 274. 


2 Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914. 
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The electric furnace employed was the later type of tube 
resistance-furnace,’ operated in vacuum. Either titanium carbide 
or a c.p. metallic powder was used. Both preparations entered 
into combination with the graphite tube, and stayed in place, thus 
providing an abundant supply of vapor during the run. ‘The use 
of absorption spectra in the region of short wave-lengths, produced 
by passing the light from a tungsten lamp or from wire explosions 
through the furnace, was effective in bringing out only some of the 
easily reversible lines, the bulk of the lines in this region being 
either enhanced or high-temperature furnace lines. 

Temperature stages which gave decided differences in the spec- 
trum were approximately 2000°, 2250°, and 2600°C. These are 
designated as low, medium, and high, respectively. 

The spectrograms as far as \ 2700 were made in the second order 
of a 15-foot concave grating, the scale being 1.86 A per millimeter. 
A few lines of shorter wave-length were obtained by using the first 
order of this grating and of a 1-meter concave grating. 


EXPLANATION OF THE TABLE 


W ave-lengths.— International wave-lengths to two decimal places 
are given in the first column. In the second column, lines measured 
by the writer are left without initial. For the most part, these are 
lines faint in the arc, but distinct and often strong in the furnace. 
In addition, improved values are given for many diffuse arc lines, 
some of which are so hazy in the arc that no previous measurement 
has been attempted. The sharpening action of the vacuum furnace 
permits good measurements in such cases, and also for some close 
pairs which have not previously been resolved. Of the other wave- 
lengths, those marked ‘**K” are due to Kilby,’ ““E” to Exner and 
Haschek,3 to Hasselberg,‘ to Rowland, the last three being 
reduced to the international system. An asterisk following the 
wave-length refers to a note at the end of the table. 

1 Mt. Wilson Contr., No. 247; Astrophysical Journal, 56, 318, 1922. 


2 Astrophysical Journal, 30, 243, 1909. 


3 Spektren der Elemente bei normalem Druck, Leipzig, 1911. 


4 Astrophysical Journal, 4, 116, 212, 1896. 
5 Preliminary Table of the Solar Spectrum Wave-lengths. 
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Arc and furnace intensities.—Columns 3 to 6 give the intensities 
for the are and for three furnace temperatures. A line distinctly 
outlined in the negative is given the intensity “1,” a fainter appear- 
ance being indicated as “trace” (‘‘tr’’); ‘“n’ and “N” denote 
degrees of diffuseness in the structure of arc lines, while “‘r” and 
“R” indicate partial and complete self-reversal, respectively. 
The extreme diffuseness of some arc lines precludes any estimate 


of their intensities, and certain portions of the furnace spectrum are 
disturbed by the cyanogen bands at the higher temperatures. The 
intensities are questioned in such cases, and a note of explanation 
is usually given at the end of the table. 

Classes.—The final column gives the classes assigned according 
to the usual method. Classes I and II appear at low temperature, 
the lines of class I being relatively strong, and often show little 
increase at higher temperatures. Lines of class II change more 
rapidly, and are among the most prominent in the are. Lines of 
class III are usually well developed at medium temperature, while 
lines belonging distinctly to high temperature are placed in class IV. 
Titanium lines of class V are almost always enhanced lines, since 
the high-temperature furnace is capable, for this element, of giving 
practically the whole spectrum of the neutral atom, except in the 
region of wave-length so short that the furnace ceases to emit. 

The letter ‘* A” after the class number designates lines relatively 
stronger in the furnace than in the arc. “EE” following the class 
number indicates an enhanced line. If the enhanced line reverses 
in the condensed spark, this is denoted by “Er,” while “u” is 
added if the reversal is unsymmetrical. 
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TABLE I 


FURNACE INTENSITIES 
MEASURED Arc 
(L.A.) By INTENSITY Crass 
High Temp. | Med. Temp. | Low Temp. 
2641. 10%. 30 10 ? 2 
2044.25". 5¢ 30 10 2 
2640.61". 35 10 ? 2 ~ 
2669.60*. E 12 IV 
2679.94*. 15 IV 
9725.08. E 10 5 IIT 
E 8 5 III 
2731.58... E 6 5 IIT 
2739.78. E 10 6 III 
2742.40..... E 6 III 
2740.04..... 5 4 Ill 
9758.00..... E 10 6 Il 
9002-47. K 15 10 III 
2805.68. . kK 6 8 III 
K 5 8 III 
2812.06..... 2 6 IVA 
2817.84..... > 2 5 hy 
2825.38.. K on 6 IVA 
2828.05..... ) f 6 IVA 
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FURNACE INTENSITIES 


MEASURE Arc 
High Temp. | Med. Temp. | Low Temp. 

604208. kK 7 V Er 
2055.40... kK VE 
2861.29..... kK VE 
2886.04..... kK 2 IVA 
2887.46..... kK VE 
2905.65 kK 5 10 IVA 
2012 .07..... kK 40 15 15 2 III 
I 12 S IIA 
2928.32. .... kK 30 15 III 
2933.63... kK 25 30r 12 4 II 
kK 25 30r 12 4 II 
2941.99*. kK oor 100R 25r 6 II 
2948. 25*. k 6or 100R 2s5r 6 II 
2956.13". kK 7oR 125R 30r 8 II 
29056.80..... kK 25 25r 15 5 II 
2065 .08...... kK 8 8 Ill 
2967.22 25 2s5r 12 5 II 
4 15 IIIA 
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29009. 
2000. 
2970 
2970 
2971 


2974. 


2970.: 


2 


2950. 
2052 


2053.2 


2953 

2955. 
2955. 
2950. 
2988. 


2959. 2 


2959. 
2959 

2990. 
2990. 
2990. 
200I. 
290901. 
2993. 
2993. 


2095-7 


2990. 
2008. 
2999. 
2999. 
3000. 
3000. 
3001. 
3002. 
3003. 
3005. 
3005. 
3007. 
3010. 
3012. 
3012. 
3013. 
3014. 
3014. 
3015. 
3015. 
3015. 
3017. 
3018. 
3021. 
3022. 
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TABLE I—Continued 


FURNACE INTENSITIES 


High Temp 


Of 


| 
| 


Med. Temp. 


¥ 
|| 
| 
IO 10 4 ITA 
| 4 1 2 IIT A 
K 4 I 3 
ee K | 20 I 12 5 II 
3 1 8 tr IITA 
kK 20 1m? 12 5 II 
iN 3 I 10 
K |. VEmu 


([.A.) 
3024.36 
3024.59 
3025.00 
3029.72 
3031.03. 
3035.04... 
3042-54 
3043-95. 
3040.07 
3945.77. 
3050.74 
3055.05 
3959-73 
3003.45 
3005.20 
3006. 20 
3006. 36* 
2066.52". 
3008.42 
407%. 23. 
3072.10 
3072.97. 
3075.22 
3075.04. 
3979.52 
3080.17. 
3082.62 
3054.51 
3085.03 
3055 90 
3050.52 
3055.03 
3089 . 39 
3090.13. 
3093.53. 
3097.15. 
3100.07 
3100.67*. 
3101.45 
3101.77 
3102.50. 
3103.80. 
3105.05. 
3105.22. 
31060. 23. 
3100.80. 
3107.45. 
3100.55 
3110.61 
3111.28 
3112.05 
3112.46. 
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FuRNACE INTENSITIES 


High Temp. | Med. Temp. | Low Temp. 
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12 
4 | I 
I tr } 
6 2 | 
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TABLE JI—Continued 


FURNACE INTENSITIES 


| | 
| High Temp. | Med. 


162 
—— 
| 
| MEASURED |} Arc 
(1.A.) By | INTENSITY | 
| | 
3114.09. kK 2on 
kK 6 I 
3917. 06.......: K 8 
3118.13. k 15 
3119.73. 15 1 
3119.80. E* 5 
2 
3121.60. kK 2 
3123.07. iN 15 I 
3123.76. kK 2o0n I 
2 
4037.99... 2 
? 
8N 
5 
3128.64.. kK 8 
I 
8N 
3N 
3135.05 8N 
3136.03 E 2 
3139.87. ION 
. k 15 I 
kK 10 
12N 
3143-75. 10 
3144.72. iN 2 
I 
3146.24. ore 3N 
3147.26. kK 3 
3148.03 kK 12 
k 12 
3153-50. K 3 I 
K 10 
3155.05. K 10 
3157-39. K 2 t 
3157.60. I I 


NWA ND VW WwW 


to 


Temp. 


Low Temp. 


CLAss 
IV 
III 
VE 
IIIA 
IV 
IV 
III 
VE 
IV 
IV 
VE 
IVA 
II 
IV 
IVA 
IVA 
IV 
IV 
IVA 
IV 
IV 
IV 
IV 
IVA 
IV 
IVA 
IV 
IV 
IV 
IVA 
IVA 
IV 
IV 
IVA 
IV 
II 
IV 
IV 
IVE 
VE 
IVA 
IV 
IVA 
IVA 
IVE 
IVA 
IV Eru 
IIA 
IV Eru 
IV Eru 
lV 
IIA 


4 
O 4 
2 | 10 2 
2 | 10 | 5 
2 
3 tr 
tr 
tr 
tr 
10 4 
I 
tr 
tr 
I 
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TABLE I—Continued 
FURNACE INTENSITIES 
High Temp. | Med. Temp. | Low Temp. 

K 20 7 III Eru 
3161.76 kK 20 8 Eru 
kK 25 10 III Eru 
3908 kK 30 12 III Eru 
3170.92 kK 3 12 8 2 ILA 
kK 3 6 IITA 
3186.45 kK 6or 60R 30r 15 II 
kK 20 3 IV Er 
3192.00 kK 80oR 80R 4or 20 II 
3497.51 kK 4 IVE 
kK 100R 100R 5or 25 II 
3203.42.50... kK 4 IV 
3203.82..... kK 15 20r 12 12 I 
3208-37. 05. kK 6 8 5 tr III 
2 8 6 I IIIA 
2905.56. ..... K 5 8 8 3 II 
3200. 84. K 5 4 IV 
3206.82..... kK 4 IV 
kK 5 6 3 I III 
3207.00..... kK 5 4 lV 
2200.02..... kK 4 4 IV 
i kK 8 12 6 I III 
kK 12 20r 12 12 I 
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TABLE I 


MEASURED | Arc 
(1.A.) By INTENSITY 
| High ’ 

kK 
3218.67. tr 
3218.98. 2 
3219.21. IN | 8 
In? 
3220. 28. I 
3221.14. 2 
3221.37. | K 10 
I 
3222.74. | | 3 
3223.00. 2N | 
3223.51. Io 
3223.87 ; I | 
3224.23. iN | 8 | 
3220.11. kK 12 
3220.22. I 
3226.40. | IN | 
2220. 70... 5 
3225.17 2 
3228.50. iN 
3229.18. kK | 15 
3229.40 iN 10 
3231.30. kK 6 
3232.26. | 8 
3 
3234.52 K 60 
3230.10 iN | 8 
3230. 21 tr 
3236.57 K 50 
3238.20 kK 4 
3239.03 | K 40 | 
3239.65.....| K | 8 
3241.07 | kK 40 
3243.51 
3243.50. 4 
3248.60. . | K Is 
3249-37. kK 2 
3251.89 kK 20 
3252.85..... kK 25 | 
3254. 2: 20 
I 
2 
3260. 26*. iN 3 
3200. 39.. Jr | I | 
3261.50.. kK 25 
2264.66... | K 2 
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mp 
tr 
3 Ill 
I III 
I IITA 
6 | I 
: | A 
10 4 | WA 
4 
I 
| 6 | | 
tr 
VEr 
3. INL Er 
r |..........| INE 
tr IV Eru 
| 8 2 III Er 
8 2 II Er 
| I IV 
I Ill Er 
| I Il Er 
| 
12 3 IITA 
|..........| 
4 | Ill Er 
| 3 
tr 
| tr IVA 
tr 
| 2 ILE 
tr 
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TABLE I—Continued 


MEASURED 
By 


Arc | 
INTENSITY | 


FURNACE INTENSITIES 


High Temp. 


Med. Temp. 


Low Temp. 


CLAss 
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9270.96... | K 2 IITA 
12 8 tr IA 
$280.38... 4 | 2 IA 
3288.13.....} K I 
3288.58... K 
3202.06..... K 15 10 I 
3204.80... k I 
3306.87.... k IO 3 
3308.38..... K 10 10 3 Ill 
3308.79..... K 8 I 
3309.49.... E 15 12 8 I 
2372.68.....| kK 5 2 
10 10 10 I 
3314-50-00 8 | 8 2 III 
~ 
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TABLE I—Continued 


| FURNACE INTENSITIES 
MEASURED Arc 
(L.A.) By INTENSITY | | CLass 
| High Temp. | Med. Temp. | Low Temp. | 

2 | 5 I | IV 
k 8 3 Eru 
$318.35 k, 4 4 IV 
3321.58. kK 8 10 10 3 Ill 
coe K 20 8 5 I III Eru 
3320.76. kK 5 2 Eru 
3390.45...... kK 20 8 4 tr III Eru 
2 8 7 I IITA 
3334.88..... I IV 
k 20 8 III Eru 
3340. 33.. K 15 7 Eru 
3341.87*. K 5or 5oR 4or 20 II 
kK 6 15 12 IA 
3342.70. kK 2 10 ite) ITA 
3343-34. tr IVA 
3343.70. K 6 2 III | 
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TABLE I—Continued 


Arc 


FURNACE INTENSITIES 


aA) INTENSITY Crass 
High Temp. | Med. Temp. | Low Temp. 

3348. 82* kK 5 2 IILE 
2340.02... kK 20 6 III Er 
kK 4or 10 8 3 II Er 
K 6 15 12 10 IA 
K 6or 6oR 50r 20 II 
$360.20. << K 10 15r 12 12 I 
k 8n 4 IV 
3961 -00...... E 10 15r 12 12 I 
3468. kK 8 6? I III Er 
K 10 15r 12 10 I 
3362.10... .... kK 3 3 III 
3306.17*. K 5 3 IILE 
3367.87... K 3n 3 III 
I 6 3 tr IIIA 
| ee K 4or 4or 30 20 II 
K 80R 80R 6or 30 II 
4392: 90... K 5 VE 
re. ee K 30 10 7 2 III Er 
20 20r 15 15 I 
30r 30R 20 20 I 
3370.90... K 15 Isr 10 15 I 
3380. 28..... kK 15 6 tr III Er 
$582.30. K 15 10 8 4 II 
3383.96..... K 40 10 7 2 Ill Er 
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TABLE I—Continued 


ruse O 


Nn ui kh WwW 


net 


Cw 


= 


NR NN 


WwW W 


Vie 


t 


INTENSITIES 


Low Temp 


| | 
(1.A.) INTENSITY 
4 High Temp. | Med. Temp. | EE. | 
9285.66. ... | 12 12r 15 | 10 I 
3385-93.----| 4or | 4goR | 30 IT 
3387.83... | | 15 8 tr 
3300.67.....] K 10 10 10 2 III 
| I 10 6 I | An 
kK I 8 4 tr III Er 
3398-62.....) K | | 10 | 7 | HII 
3400.14... | E | | 2 tr IV 
4 3403.-30.....| K | 10 | 5 | I IIA 
3405.00. << iN 10 5 I TIA 
2407.20... kK I tr IVE 
3409.80.... K I tr | IVE 
| K I of IV E 
4 I IV A 
$630.36... tr 
5443.6 K | 
3443-94...- 
| a | 8 | 5 | tr 
5 | 3 tr IIIA 
| 


THE SPECTRUM OF TITANIUM 


TABLE I—Continued 


FURNACE INTENSITIES 
d MEASURED Arc Crass 
(LA.) By INTENSITY 
High Temp. | Med. Temp Low Temp. 

3457-49. kK 4 7 5 tr III 
3 6 4 tr IITA 
3458.06.66 E I IV 
3463.20. I 5 IITA 
3407.26. 6 12 12 2 IITA 
3472.81 E 2 I IV 
3470.45. k 3 6 4 tr WIA 
3477.18. kK 15 III Eru 
3478.92 kK 6 12 8 I IITA 
3480.53. kK 12 15 15 4 Ill 
3481.11. 3 2 IV 
3481.68..... kK 3 2 IV 
3483.99. I 8 8 I IITA 
3485.69. . K 6 10 10 III 
3489.74... kK 4 I IVE 
I 8 8 I IITA 
3491.05 kK 8 3 Eru 
3493.27 kK 4 12 12 4 ITA 
kK 6 12 8 I IITA 
2 ite) 10 2 
3499.10. kK 8 12 10 I III 
3500. 33. kK 4 IVE 
3503.76. > I 10 10 I IITA 
3504.78. 2 4 IITA 
3504.89. . kK VeEr 
3500.64". kK 8 15 5 10 I 
3507.43. kK 3 IV 
3511.64.. 12 10 2 
3516.84.. iN 3 4 IV 
3519.94... I 8 2 IIA 
3530.58. kK I 8 A 
3535.40.. iN 10 VE 
3547.01 kK 15 12 2 IV 
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TABLE I—Continued 
- . | FURNACE INTENSITIES 
r MEASURED Arc 
(1.A.) 3Y INTENSITY CLass 
| High Temp | Med. Temp. | Low Temp 

51°. H 6? | 4? IV 
3585.86". K 4 ? III ? 
kK 15 fe) 6 I IIl 
3001 . 37 H I IV 
2603.86..... 4 2 8 A 
3604.30. 8 10 8 2 
3606.06. kK I IV 
E 4 10 6 I IITA 
3609.61... E I IVA 
3010. 20*. E 12 10 8 2 Il 
3612.25. kK 2 IV 
3620.00..... H I IV 
9620.09. .... kK 4 10 8 I IIIA 
3032.00. .... E 3 IV 
3635.20..... K 8 10 10 5 II 
9056.47... K 8or 100R 50 40 I 
K 10 10 10 5 II 
3642.68..... K 8or 100R 50 40 I 
3044.46. K I IV 
2644.60..... K 4 | IV 
4640.10. K 12 15 15 12 I 
oe K 100r 125 60 50 I 
9664:58..... K 15 20 20 15 I 
Ce. ae K 20 25 25 20 I 
3660.62..... kK 12 15 15 12 I 
3606. 56..... H I IV 
3608.05..... K 15 15 15 15 I 
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TABLE I—Continued 
FURNACE INTENSITIES 
High Temp. | Med. Temp. | Low Temp. 

$677 kK 20 20 20 20 I 
3677.75 H tr IVA 
3679.68 kK 3 IV 
3681. 23. H I IV 
3085.19 K 40 5 IV Er 
3085.95.. kK 2 IVA 
E 5 10 8 2 IIA 
3089. 89 kK 15 15 15 15 I 
3604.43. kK 10 8 III 
3090.85 kK 2 IV 
3698.17 kK 3 IV 
3701.53 kK I IV 
kK 10 10 III 
3702.98.... kK 2 IV 
3704. 29.. kK 15 8 Ill 
3707.53. kK Ion 4 IV 
3708.65. kK 4n IV 
3709.95. kK 20 15 6 2 III 
3713.70. E I IVA 
$717.30: « K 20 20 20 20 I 
34%0.03". kK ? IV? 
3720.36... 2 IV 
3721.64.. kK 8 VE 
2922.55" . E 15? 15? 12? 6 II? 
3724.50 E 20 15 5 I III 
3725.12: kK. 20 15 7 2 III 
3728.66 R I I IV 
3729.77. K 5or sor 45 45 I 
3735-65. E 4n IV 
3730.75. E I Pictidusavackovsscwuwan IV 
3741.06... kK oor 6or 50 50 I 
3741.14.. kK I IV 
3747.63. . E 8 V Eru 
9749 E I I IV 
3748.07 E 6n 5 IV 
3752.87 kK Sor 80R 60 60 I 
3753-03 K 25 30 25 25 I 
3754-93 E I i IV 
3750.95 E In as IV 
3759.30. kK 40 5 IV Er 
3701. 33 kK 40 5 IV Er 
3760.46. kK 3 6 IVA 
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ARTHUR KING 


FURNACE INTENSITIES 


High Temp Med. Temp. | Low Temp | 


SS 


| | | | 
MEASURED | Arc 
7 3771.64... | iN 25 30 | 25 25 I i 
5774.03. kK I 8 3 tr IITA 
kK 2 4 I IIA 
3786.03.... | kK 20 20 Is 8 II 
10 4 | I IIIA 
2706.20, 6 I lV 
3608.59". ? ? I\ 
2006-93"... I? 
3607.78" .... ? 
3814.86*.... ? ? 
487765"... ? ? 
? ? IV 
? ? ? III? 
4632.60"... 2? I tr III 
4648.26" .... tr 
4652.94"... . I 
3860.46". ... | ? 
3862.54" .... I 
3866.45*.... 6? I? 
3870.12*.... ? ? 
| 
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TABLE I—Continued 


FURNACE INTENSITIES 
(1.A.) By | INTENSITY | 
} | High Temp. | Med. Temp. | Low Temp. 
3874.16 | I 2 IV? 
3872.90"... IN | 8 5 I III 
3877.60". H | an | IV 
3881.41*. 4 ? IV? 
3882.13*. H 15n ? ? ? III? 
3552.3 H 1on ? ? Ill? 
3882.87*. H | 2on ? | ? ? III? 
(These lines are very difficult in the furnace, and may belong to 
| lower classes than here assigned, especially \ 2657. The low 
| and medium temperatures do not give emission lines of such 
2599 -93-2079.94 | short wave-length. AA 2641, 2644, 2647, were obtained in 
| absorption with low-temperature vapor, using explosions as a 
| source of continuous radiation. 
2896.89) 
2901.04 These lines appear as hazy patches in the arc, 
2923.62 May be V. 
2041.99 This triplet appears in absorption. » 2942 coincides with enhanced 
2948. 25 line, which reverses symmetrically in spark. AA 2948, 2956, 
2956.13 are weak in spark, and reverse unsymmetrically. 
2969.07 Widens to violet in arc. 
2969. 37 Blend Fe. Furnace line probably all 77. 
3000.87 Fe line on red side. 
3066. 36 Blend V in furnace. 
3006.52 Concealed by V line in furnace. 
3100.67 Blend Fe. Probable intensity Fe line subtracted. 
3110.61 Blend V on red side. Measured by Kilby .674. 
3127.43 Faint in arc, concealed by following line. 
3130.81 Intensities partly due to unresolved enhanced line to violet. 
3219.33 Blend in arc with A 3219. 21. 
3260. 26 Strong in furnace for enhanced line. May be blend. 
3271.63 Blend V in furnace. 
3278.96 Blend with preceding line. 
3341.87 Probably an unresolved blend with enhanced line which reverses in 
spark. Furnace line is unaffected by K mixture. 
3348.82 Reversal in spark is in wing of \ 3349.02. 
3301.30 Difficult blend with \ 336r. 22. 
3306.17 Enhanced line on red side of furnace line, which measures \ 3366.15. 
3500.64 Weakens rapidly below 2100°. 
3558.51 Blend Fe. 
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3337-47] 

3542.51 

3504.4 Disturbed by \ 3590 cyanogen band. 

3574.24 

3578. 25 

3585.86 

3610.20 Blend Fe. Probable intensity of Fe line subtracted. 

3719.93 Probably present in high-temperature furnace only. Coincides 
with strong Fe line. 

3722.58 Blend Fe. Probable intensity of Fe line subtracted. 

~~ Furnace lines more or less concealed by \ 3883 cyanogen band. 


3882.87 Class is partially determined by absence at low temperature. 


DISCUSSION 

In addition to the typical arc lines, the variations of which are 
shown in the table, three types of lines may now be considered. 

1. Enhanced lines.—The distribution of these is of interest. 
It is well known that, in general, the spark radiation is strong in 
the ultra-violet. The increasing richness toward shorter waves of 
the titanium spark spectrum is a striking feature. A rough count 
of enhanced lines, which in the crowded portion was by no means 
complete, gave the following numbers for intervals of 300 A from 
d 2700 to A 4800: 


r Enhanced Lines 


Beyond the green the enhanced lines become very scarce. 

During the present investigation, spark spectra were photo- 
graphed on the same scale as that used for the furnace and arc. 
A comparison of these with the furnace spectra brought out the 
fact that the ionized atom emits, in the ultra-violet, not only a 
richer spectrum, but with a lower degree of excitation than is 
required for enhanced lines in the visible. In the former paper,’ 
the difficulty of producing enhanced lines in the furnace was noted. 
These appeared faintly at 2600°, and were placed in class V, a 


* Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914. 
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condition which has been confirmed by plates for the visible region 
during the present work. ‘The relative ease of production in the 
ultra-violet does not show a steady increase toward shorter waves, 
but is localized between \ 3050 and X 3400, where a great mass of 
strong enhanced lines occurs, many of which maintain a considerable 
intensity at 2250°, and are assigned to class III. This response 
to moderate temperature is borne out by the fact that these lines 
undergo self-reversal in a strongly condensed spark, showing that 
the cooler vapor in the envelope of the spark can emit the lines. The 
reversal is frequently unsymmetrical, being stronger to the red of 
the absorption line. This behavior is noted in the table after the 
class number. When the grouping is investigated, symmetrical 
and unsymmetrical enhanced lines will probably be found to belong 
in different multiplets. From \ 3400 to A 3900, while some notably 
strong enhanced lines occur, their reversals in the spark are nar- 
rower, and the increased difficulty in obtaining them in the furnace 
places them in class IV. In the ultra-violet beyond \ 3000 the en- 
hanced lines, while numerous, are of a more hazy type in the spark, 
seldom reversing, and difficult of production in the furnace. 

It may be seen from the foregoing, that while a classification of 
only the stronger enhanced lines is made in this paper, a considera- 
tion of the types of enhanced lines in furnace, arc, and spark may 
lead to a classification as definite as that for the arc lines. 

The method of suppressing enhanced lines by mixing with the 
titanium in the furnace a substance of lower ionizing potential, 
such as potassium, proved effective, as had previously been found 
for other elements." Successive photographs of the same exposure 
time and at the same temperature were made for titanium alone 
and for a mixture with potassium chloride. ‘The arc lines remained 
unchanged, while the enhanced lines were reduced to a fraction of 
their former intensity. ‘The enhanced lines from \ 2700 to A 4300 
were affected in this way, and served as a means of selecting the 
lines of the ionized atom. In two cases, the method detected coinci- 
dences of arc and enhanced lines. A 2941.99 and A 3341.87 are 
strong class II lines. They appear in the spark as reversed enhanced 
lines, which would be classified as III Er. Other members of the 


* Mt. Wilson Contr., No. 233; Astrophysical Journal, 55, 380, 1922. 
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arc multiplets to which these lines belong show the usual effect of 
weakening in the spark with unsymmetrical reversal. The use 
of potassium left these lines unaffected, and as they can scarcely 
be exceptions to the general quenching effect, there is little doubt 
that we have here superpositions of arc and spark lines. 

2. Lines relatively strong in the furnace.—The lines designated 
by “A’’ in the class column, 192 in number, are lines for which the 
furnace radiation is especially favorable. They are distinct in a 
strongly exposed arc spectrogram, but in one normally exposed 
for the bulk of the are lines, they are absent or very faint, which 
accounts in large measure for their being passed over in measure- 
ments of arc wave-lengths. These lines occur for all classes of 
furnace lines, and have a fairly even distribution, though especially 
numerous from X 2800 to XA 3000. 


‘n” or 


3. Lines diffuse in the arc.—These lines, designated by 
“N” in the arc column, are difficult to estimate as to arc intensity, 
and in the more pronounced cases this is not attempted. They 
often widen unsymmetrically, and the furnace line, which is always 
sharp, may be near the edge of the hazy arc line. As with other 
elements, this condition has given improved wave-lengths for such 
lines when measured in the furnace spectrum, and many of this 
type are now measured for the first time. 

DESCRIPTION OF THE PLATES 

Plates V and VI show the titanium spectrum from \ 3130 to 
d 3400 for the spark, arc, and three furnace temperatures. Three 
distinct types of lines are illustrated by the arrangement, which, 
from top to bottom, is according to descending stages of excitation. 
These types are, first, the enhanced lines, the stronger of which 
reverse In the spark and persist through the arc and into the medium 
furnace temperature; second, typical arc lines, which are usually 
rather weak in the spark, but hold out in varying degrees as the 
furnace temperature is lowered; third, lines present in the are but 
relatively strong in the furnace. The furnace spectra reproduced 
were made at temperatures slightly higher than those usually 
employed. The exposure times for the three stages were 5, 75, 
and 120 minutes, respectively. 
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ON THE BREADTH OF THE HYDROGEN 
LINES IN STELLAR SPECTRA 
By E. O. HULBURT 
ABSTRACT 

The effect of pressure according to modern theories —When the Stark theory of the 
broadening of the Balmer lines of hydrogen is combined with the Saha theory of high- 
temperature ionization, it is found that in order to account for the broad Balmer lines 
observed in many stellar spectra, the pressure in the stellar envelope must be as great 
as several atmospheres. This seems to contradict evidence from other sources which 
points to much lower pressures. The assumption of a considerable number of free 
electrons in the atmosphere might explain the discrepancy. 

From a consideration of the breadth of the Balmer lines in 
stellar spectra, it would seem possible to estimate the conditions of 
the atmosphere of the hydrogen stars. To this end the theory of 
high-temperature ionization developed by Saha‘ has been combined 
with the Stark theory of the broadening of the hydrogen lines. 
Saha’s theory has been successful in accounting for many of the 
important features of stellar spectra, and the view that the broaden- 
ing of the Balmer lines of hydrogen with pressure or current density 
is a manifestation of the Stark effect has received additional confir- 
mation from recent work of the author.? 

Assume pure atomic hydrogen gas ionized by its temperature. 
Let v be the total number of hydrogen atoms per cc. If a fraction 
x of these are ionized, there are 2xv charged particles per cc. The 
average distance between the ions is (2xv)~! cm. The positive ions 
are assumed to be the radiating atoms. Therefore from Coulomb’s 
law of force, each radiating atom finds in an electric field of mean 
value e(2xv)' electrostatic units, where e is the electronic charge. 
This result is obtained by assuming that the field is due to a single 
charge. Actually the field at a point in the gas is the resultant of 
the effects of a swarm of charged particles of both signs in the 
vicinity of the point. This indicates that the mean value of the field 
should be multiplied by a factor o, which we take to be one-third. 
The Balmer line radiated by the atom is separated into its Stark 

* Philosophical Magazine, 40, 472, 1920. 

2 Physical Review, 22, 24, 1923. 
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components, the separation being proportional to the intensity of 
the electric field. According to Stark' in the case of HB the extreme 
components are displaced 20 A to either side otf the parent line by 
a field of 1.04 X 105 volts, a maximum widening of 4o A. Since the 
broadened line emanating from the gas is composed of contributions 
from all the electrical components of a large number of radiating 
atoms, the average widening may be taken to be a half of this or 
20A. This amounts to a width of 0.06 A per unit c.g.s.e.s. field 
for HB. If w is:the width of the line in angstrom units 


w=0.o6se(2xv)!. (1) 


This calculation is of course not precise; the methods of averag- 
ing employed are of the roughest. A more elaborate analysis could 
be resorted to if necessary, but this would seem hardly advantageous 
at present because, in the very nature of the problem, orders of 
magnitude only can be considered significant. We therefore permit 
this result and those that follow to stand without further qualifica- 
tion. The discussion has borne upon the emission of radiation, but 
may refer equally well to the absorption of radiation. 

Taking v to be 2.7 X10" at o° C. and atmospheric pressure and 
replacing e by the value 4.77 X 107", equation (1) becomes 


w=6000(xPT—*)8, (2) 


where P is the pressure in atmospheres and T is the temperature 
on the Kelvin scale. 

The reaction isobar of ionized hydrogen atoms in the original 
form stated by Saha (op. cit., p. 486) is 


logy. x?(1—x?)~? P=6.851X 104 T-'+2.5 logi T—6.5. (3) 


Eliminating x between (2) and (3) yielded an equation in w, 
P,and T. From this equation values of P in atmospheres were 
calculated for a series of values of w and 7. These are given in 
Table I. The table refers to the H@ line. The calculations for 
Ha and Hy are slightly different, but the orders of magnitude of 
the pressures are the same as those for Hf. 


t Annalen der Physik, 48, 202, 1915. 
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Although the width of a spectrum line cannot be judged with 
great accuracy from a reproduction, an examination of certain 
pictures of stellar spectra published by Sir William Huggins and by 
the Yerkes Observatory indicated that the widths of the hydrogen 
lines, either of absorption or emission, were in many cases greater 
than 20A and sometimes nearly 30 A, as for example the Balmer 
absorption lines of a Lyrae. From Table I we see that to produce 
lines as broad as these would necessitate high pressures or temper- 
atures. Recent evidence, reviewed in a paper by Fowler and 


TABLE I 


PRESSURES IN ATMOSPHERES 


w In ANGSTROMS 
T 
10A 40A 
1.9 15 


Milne,’ points unmistakably to the conclusion that the pressures 
in the reversing layers are low, of the order of 1073 or 1074 atmos- 
pheres. This is in serious disagreement with the present calcula- 
tions. Asa further illustration, for 10,000° K and a pressure of 1073 
atmospheres, formulae (2) and (3) give a width of 0.07 A for H@. 
To obtain a width of 20A would require a number of charged 
particles which is 2200 times the number permitted by the Saha 
formula, or about 1800 times the number of the atoms of hydrogen. 

The cause of this discrepancy is not evident. If it is admitted 
that the pressures in the stellar envelopes are low, we must look 
for errors in the theory or in the statement of the theory outlined 
in the foregoing paragraphs. Although equation (1) is not exact, 
it is difficult to see how it can be in error by several orders of magni- 
tude. The assumption of other and perhaps more potent causes of 
ionization, such as the absorption of radiation, ionization by 


* Monthly Notices of the Royal Astronomical Society. 83, 415, 1923. 
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collision, etc., would not be of much help as long as the pressure 
is low. The calculation has been made for pure hydrogen. If the 
easily ionized metal atoms were present, they would supply a large 
number of charged particles, but even in this case to have a sufficient 
number the total pressure of the gas would have to be several 
atmospheres. A possible explanation would be to assume a large 
number of free electrons. These would produce the broadening 
without increasing the pressure. 
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MENSURATIONAL CHARACTERISTICS OF 
PHOTOGRAPHIC FILM* 
By FRANK E. ROSS 
ABSTRACT 

Characteristics of different types of films——The observation of Cheshire and of 
Curtis, that photographic film is subject to large and irregular contraction on develop- 
ment, is confirmed only in the case of NC or non-curling film. For motion picture, 
aerial, portrait, and process film, the contractions and irregularities are found to be 
considerably less; in the two last mentioned, only one-tenth (about 0.05 per cent) of 
those found by Cheshire and Curtis. The changes in length and width are different, 
the length of a film showing increased effect, due probably to strains in the roll. Films 
of all kinds are subject to parallel changes in length from day to day and from winter 
to summer, due to humidity conditions. There is no local distortion in portrait film 
or in motion picture and aerial. Local distortions of 10 4 sometimes appear in NC 
film on development, which, however, gradually disappear in a few days. 

Photographic film, consisting of a sensitized emulsion coated on 
a flexible cellulose nitrate support, although available as a com- 
mercial product as far back as 1889, has only comparatively recently 
come into use in scientific investigations. From this slow beginning 
to widening use and application is inevitable, when the advantages 
and exact properties of film become better understood. ‘To mention 
only a few cases of its adaptability to scientific problems, aerial 
mapping and astronomical photography of a rapid sequence of 
events—for example, photographing the flash spectrum during 
an eclipse of the sun, or photographing the planets through 
our atmosphere whose optical properties are incessantly varying, 
requiring a quick succession of photographs, in hope of securing 
even one in a moment of quiescence, are typical of one class. 
Another class of cases is furnished by the unavoidable curved focal 
planes of lenses. One component of this curvature is well handled 
by film, as in spectroscopic investigations, where precision of focus 
is essential. To what extent the well-known and generally satis- 
factory mensurational properties of the photographic plate are 
sacrificed by the substitution of film is the subject of the present 
paper. The particular and obvious differences caused by lack of 

* Communication No. 192 from the Research Laboratory of the Eastman Kodak 
Company. 
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flatness of the film or uninvited abrupt changes in curvature, purely 
a mechanical problem, are to be excluded. 

The general mensurational properties of photographic film have 
been well summed up by Professor R. W. Cheshire’ as follows: 

. . . . If measured in the wet condition the film exhibits an increase in 

length of about 0.5 per cent. On drying, it shows an immediate decrease of 
about o.2 per cent and eventually a decrease of about 1 per cent; furthermore, 
diurnal variations in the overall length of a film amounting to 0.75 per cent 
have been observed. The local distortions amount to 5u or 6u as a maximum, 
but these can be eliminated by subsequent washing. If two pieces of film are 
taken from the same spool, the images formed on them may differ by as much 
as 0.1 per cent in overall length. The kind of accuracy obtained with film 
E does not approach that obtained with plates. 
From the description subsequently given of the film used in the 
experiments by Professor Cheshire, it may be inferred that what 
is known as NC film had been employed. ‘This is of importance, 
as will subsequently appear. 

A short investigation of the behavior of film has recently been 
F made by Dr. H. L. Curtis.* As in the experiments just cited, 
NC film was used. By comparing the length of a scale 35 cm long 
scratched on a mirror, with its length measured on a film upon 
which the scale had been printed by contact, very irregular contrac- 
tions, varying between 0.3 and 1.3 per cent, were found. In addi- 
tion, Curtis states: 


* Some work has been done to show the effect of varying the developing 
and drying processes. The only variation that has given positive results is 
the use of alcohol for hastening the drying process. This appreciably increases 
the amount of shrinkage but the variation in shrinkage is not greatly changed. 

In 1919 the writer began a series of measures on process film. 
This is similar to the portrait film, and is characterized by its 
great thickness, of the order of 0.009 inches (0.22 mm), which is 
twice that of non-curling film, and 50 per cent greater than motion- 
picture film. Measurements of the process film were made simul- 
taneously on three samples, 4 inches square, all from the same 
box, the reference marks being fine holes pierced through the film 


* Optician and Scientific Instrument Maker, 65, 288, 1923. 
2**Note on the Shrinkage of Photographic Film,” Jour. Opt. Soc. Amer. and 
Rev. Sci. Instru., 7, 275, 1923. 
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near each corner. After measurement, two of the pieces were put 
through the regular development, fixing, and drying operation, and 
immediately remeasured. They were subsequently remeasured at 
average intervals of three days during the following month, then 
at more irregular intervals up to the present time. The individual 
measures are shown in Figure 1, which gives the average of the 


A, 


799 
IgIg.0 1920.0 1920.5 1923.0 1923.5 


Fic. 1.—A and B, developed process film; C, undeveloped process film 
length and width measurements. ‘The contraction on development 
(after drying) is too small to be well shown in the diagram. It was 


as follows: 


PERCENTAGE CONTRACTION 


Length Width 


0.018 0.017 


These contractions are of the order of one-tenth of those found 
on non-curling film by Cheshire and by Curtis. Thus, if measure- 
ment be made soon after drying, it appears that the dimensions can 
be relied upon to this order of accuracy, namely, one-twentieth of 
1 per cent. But the subsequent history of these films, as shown in 
the diagram, indicates that this accuracy does not persist, changes 
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as great as 0.2 per cent occurring in the course of a few days, and 
a much greater change from winter to summer, the latter amounting 
too.5 percent. There is, however, very little secular or progressive 
change exhibited by these films, the amount being of the order of 
0.2 to o.4 per cent in four years, in the sense of a contraction. 
-assing to the undeveloped film C in the figure, it is seen that it 
exhibits the same tendencies as the developed, responding equally 
to humidity and seasonal conditions. This would indicate that 
the developer (in this case pyro) was without influence, although 
it must not be taken as conclusive evidence that the composition 
of the developer is without effect. It did not seem worth while to 
investigate developers, for it would be difficult to separate any real 
effect, if present, from the normal large irregularities inherent in 
the film. Undoubtedly alcohol, which is a solvent of the residual 
high-boiling solvents and softeners in the film base, produces an 
abnormal effect (see p. 187), but, so far as Iam aware, this ingredient 
is only used in developers compounded for the developing-out 
papers. 

Relation of width to length contraction.—It is of practical impor- 
tance to know whether there is any systematic difference between 
the contraction in the length and in the breadth of a piece of film. 
Obviously the length and breadth can only be specified in the case 
of roll film or motion-picture film. However, in the case of the 
sheets of process film studied above, the length, by which is meant 
the length referred to the roll from which the sheets were cut, was 
known in advance to be the long side of the cut sheets. It was 
found during the course of the long series of measurements plotted 
in Figure 1 that there was a systematic difference between the 
changes in length and breadth. ‘The complete series of measure- 
ments gave the ratio 0.80, the contractions in the direction of the 
length being the greater. ‘This difference was verified by measure- 
ments of the film in the wet condition. ‘Thus after soaking for 24 
hours in water and measuring immediately, it was found that the 
length had expanded 1.12 per cent, the width 0.81 per cent, giving 
a ratio of 0.73. This difference is probably due to some weakness 
developed in the length, caused by unavoidable stresses in this 
direction in the operations of handling the long rolls. 
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Influence of the support.—Thus far the film, with its cellulose 
support and sensitive emulsion, has been considered as a whole. 
It is of interest to know the relative importance of its two com- 
ponents in determining the behavior. To obtain information on 
this point, four films were measured at various stages, two being 
uncoated cellulose base and two coated with emulsion. ‘The follow- 
ing table shows the contraction after being put through development. 


Thickness Contraction 
(mm) Per Cent 
Uncoated base. 0.08 0.32 
Uncoated base (aged)...... 0.08 0.12 
Coated film (non-curling).... 0.12 0.47 
Coated film (aged base)...... 0.09 0.21 


There is thus little doubt that the base controls the behavior. 
Measurement of these samples for an extended period showed 
parallel daily and seasonal fluctuations. 

Humidity effect—The correlation between changes in dimensions 
and humidity has already been shown diagrammatically in Figure 1, 
the apparently irregular fluctuations shown therein being undoubt- 
edly a humidity effect. In general, a number of specimens of 
film even of different kinds show corresponding and equal daily 
fluctuation in length, depending on weather conditions. ‘That this 
is not a dependable relation, however, is well shown by the follow- 
ing series of measurements of films on two successive days, there 
being a marked increase of humidity on the second day, so that an 
increase in lengths was to be expected. A is the measured increase 
of mean dimensions: 


Per Cent 
Non-curling 0.00 
Motion-picture positive........... 
0.09 


The first three films in this tabulation had been developed but 
two days previously; the last, eight months previously. Here 
again irregularities in behavior in the period just following develop- 
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ment are apparent. The action of the portrait film in expanding 
under increased humidity is normal, the absence of change in the 
non-curling, aerial, and motion-picture positive is abnormal. ‘These 
measures are shown in Figure 2, August 14 to August 15. It will 
be noted that after August 15 all the films behave alike in response 
to humidity. ‘This is especially noted in Figure 2 for the measures 


of September 5, on which date the humidity was abnormally 


100 
B 


499 


13 Aug. 15 17 19 21 23 25 27 Aug. 
Fic. 2.— A, motion-picture film; B, aerial; C, non-curling; D, portrait 


high—87 per cent. ‘The changes in all of the films are equal, that 
5 / | 
of non-curling being somewhat larger. 

Effect of alcohol drying on film shrinkage.—Measurements to 


determine the effect of alcohol drying were made on portrait film, 
aerial film, and on uncoated film base. Measures were made: (1) 


before development, (2) after the development, fixing, and washing 
operation, followed by 12 minutes soaking in alcohol—measure- 


4 ments were made immediately, without giving the film a chance 
. to dry, this being assured by placing the film between glass plates; 


(3) final measurement after complete drying. ‘The results are given 
on page 187. 
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TABLE I 


Errect oF ALCOHOL DRYING 


| PorTRAIT | AERIAL | UNCOATED 
| Length Change | Length | Change Length | Change 
mm | mm mm mm mm mm 
1. Length before develop- | 
2. Length after develop-| 
ment (wet). . 93.54 | +0.74 92.36 | +2.01 105.10 | +3.50 
3. Length after drying.... | 92.11 | —0.69 | 88.32 | —2.03 | 94.80] —6.80 


The powerful effect of alcohol drying on film disclosed in this 
table manifestly renders its use prohibitive. This is in contrast 
to its usefulness and freedom from untoward effects when alcohol 
is employed in drying photographic plates. The action is, of 
course, confined to the cellulose base, as may be seen from the 
table, and is due to the solvent action of alcohol on the softeners 
contained in the film base. In general, the solubility of the constit- 
uents of the film base in water and in the various components of 
the developing and fixing solutions determines the amount of the 
development shrinkage. 

Variation of development shrinkage over large areas.—In many 
classes of measurements, general distortion, provided it is uniform, 
is not a serious matter, the scale being always determined from a 
set of standard points. Curtis (Joc. cit.) has shown that over a 
roll of film 150 cm long the development shrinkage may be sensibly 
uniform over one roll, while another roll of the same kind of film 
may show variations of 0.6 per cent over its area or about 100 per 
cent of the total. The film used by Curtis in his measurements 
was the non-curling (NC), which has been shown above to be 
peculiarly subject to the development shrinkage. The measures, 
of which a summary is given in the table, were made on motion- 
picture positive film of the standard width of 35 mm, length, 3.1 
meters. Sections roo mm long were measured, uniformly spaced 
along the film 100 mm apart. Measurement was made as usual 
before and after development. ‘The resulting shrinkages are given 
in Table Il. ‘The film had been developed August 28. It is seen 
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that measurements made one day after development (August 29) 
show local variation in shrinkage of the same percentage amount 
as were found by Curtis, but in absolute amount are only one-tenth 
as large. However, this is not the case for the measurements of 
August 30 and September 5, in which the local variations are seen 
to have disappeared to a great extent, especially on September 5. 
The relative humidity on this date was very large (87 per cent), 
which accounts for the small shrinkage (0.01 per cent). The 
advantage of delaying measurement in the matter of securing greater 
freedom from irregularities in shrinkage is obvious from the table. 


TABLE II 
SHRINKAGE 
SECTION 

August 29 August 30 | September 5 

Per Cent | Per Cent Per Cent 
‘ -118 . 106 —0O.O015 
.o86 104 —0.010 
tues ‘ -003 
104 .098 —0.010 


Distortion within small areas.—It is of importance to know the 
extent to which film is subject to local distortion. If local distortion 
is present to an appreciably greater extent than in plates, there 
undoubtedly would be a serious limitation of its usefulness, in 
astronomy in particular. The procedure for determining the 
distortion was as follows: 

A réseau containing 50 parallel lines spaced one millimeter apart 


which had been photographed on a plate was printed by contact 


on the films under investigations, which were then developed and 
measured as usual. After correcting these measures for general 
contraction by introducing a linear term, the micrometer readings 
on the original réseau were compared with the readings on the film, 
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the differences being denoted by v. NC film and portrait film 
were thus studied. In addition a contact print was made on a 
Seed 23 plate in order to furnish a suitable basis of comparison. 
Several series of measures were made on different days on each film, 
with results shown in Table III. A number of facts are brought 
to light in this table. The average residual for portrait film is 
seen to be identical with that for the Seed 23 plate. Moreover, 
there is no evidence of any systematic run of the residuals. The 
conclusion is that there is no local distortion of portrait film apparent 
over a length 50 mm, and accordingly, aside from general distortion, 
is as suitable as plates for accurate measurement. ‘This does not 
appear to hold for NC film, where large systematic differences 
extending over one or two centimeters are in evidence. It is 
noteworthy, however, that this distortion, so striking in the measure- 
ments of May 24 and 25, has practically disappeared in the later 
measurements. A gradual relief from strain in the film is apparently 
indicated. The same phenomenon has been verified on another 
sample of NC film. In view of this tendency to instability for a 
period of several days after development, it appears to be a good 
rule to defer measurements of film, whether portrait or NC, until 
about a week has elapsed. This advantage appears to hold both 
for general shrinkage (excepting portrait films), for variations in 
shrinkage over large areas (Table II), and for variations over small 
areas (Table III). In the case of portrait and process film, appar- 
ently identical, deferring measurement would undoubtedly be on the 
side of safety. There is, of course, the chance of a larger general 
distortion, but this in general is entirely eliminable in the calcula- 
tions and must be allowed for in any case. 

Secular shrinkage-—On account of the strong seasonal effect, 
it is difficult to determine the secular or progressive shrinkage of 
film in the comparatively short period of time covered by the 
present measurements. One would expect that the progressive 
shrinkage will not be uniform but will diminish with the time, on 
account of the presence of low and of high boiling-point solvents 
in the film base, which evaporate at different rates. Generally 
speaking, however, this phenomenon has not been observed except 
in special experimental films, where it has been strongly marked. 
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There is no suggestion of progressive shrinkage in Figure 2, the 
period covered being nearly a month. In Figure 1, covering a 
much longer time interval, there is indicated a possible progressive 
shrinkage of about o.2 per cent for the first year only, the following 
three years showing no change. ‘These facts, however, cannot be 
considered proved, as is obvious from the figure. Users of motion- 
picture film find a well-marked progressive shrinkage varying in 
amount according to the conditions of storage. It appears quite 
likely that the films in rolls, and thus not ventilated, are subject 
to progressive changes more than small pieces of film loosely kept 
and well ventilated as in the present experiments, so that under 
such circumstances a strong progressive shrinkage is to be expected. 
In order to preserve dimensions unaltered for a period of years, 
it is undoubtedly better to keep film in a loose condition in a venti- 
lated chamber. If a closer approximation to predevelopment 
dimensions is desired, it would be well to place the film in a humidity 
chamber for a few days before measurement, under a humidity 
slightly higher than existed at the time of the photographic impres- 
sion. In addition, to minimize the development shrinkage, the 
times of development, fixing, and washing should be reduced to a 
minimum. 


ROCHESTER, NEW YORK 
September 1923 


NOTICE OF SKAGGS’S CARD OF JULIAN DAYS 
FOR 1924 

We have received from Mr. J. H. Skaggs, 830 Athens Avenue, 
Oakland, California, a very convenient calendar for the Julian 
Days for the year 1924, handsomely printed. Mr. Skaggs is a 
member of the American Association of Variable Star Observers, 
and has issued this for the benefit of his fellow-members and for 
such astronomers as would find it useful. We presume that he 
will be glad to furnish copies to astronomers who may apply for 
the calendar. 
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Handbuch der Spectroscopie. Siebenter Band. Erste Lieferung. 
By H. Kayser and H. Konen. Leipzig: S. Hirzel, 1924. Pp. 
498+x. Figs. 1. $7.50. 

The many friends of Professor Kayser will be glad to see that in 
spite of great difficulties he has been able to bring out the seventh 
volume of his monumental work on spectroscopy. This is the first 
of three parts in which the volume will be issued. Professor Konen, 
who also assisted in the preparation of some of the earlier volumes, and 
who succeeded Professor Kayser on his retirement as head of the depart- 
ment of physics at Bonn, has collaborated in the work. The part before 
us was completed for publication in 1921, but could not be issued at 
that time. The two other parts, however, will appear very shortly, 
as the manuscript was completed in September, 1923. A supplemental 
chapter will be added to the third part to bring Part I up to the same 
date. 

The present volume follows very closely Volume V as to form and 
content, and covers the period since 1910. As in Volumes V and VI, 
the chemical elements are dealt with in the alphabetical order of their 
symbols, the literature being given for each element at the head of its 
section. The references are numbered to follow consecutively those in 
the fifth volume. This Lieferung covers the elements from argon 
through iron, that is, from “A” through “F,”’ and contains also a section 
on the spectrum of the air, followed by a brief note on the spectrum of 
lightning, and three pages on the spectrum of the aurora. 

The authors follow their practice of making this a critical work, and 
do not hesitate to say what they think about the accuracy of the observa- 
tions which they compile. Thus they express disapproval of the identifi- 
cation by J. Stark of the positive rays of the spectrum of nitrogen, and 
its supposed coincidences with the spark and arc lines of nitrogen, but 
they accept Vegard’s conclusions that the negative band spectrum of 
nitrogen is present in the aurora. It would seem that the band spectrum 
from both the positive and negative poles is found in the aurora, and 
Vegard in his latest papers considers that the principal line of the auroral 


spectrum at A 5578 is in some way due to nitrogen, although the line 
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has not yet been produced in the laboratory. It is interesting to note 
that Vegard’s latest determination of the wave-length of this line agrees 
with the determination by Slipher published in this Journal (49, 266, 
1919) which is about 6 A greater than the mean from the observations of 
the earlier investigators. 

The authors accept the evidence furnished by J. W. Nicholson on 
the basis of his numerical calculations that the strong nebular line or 
pair at \ 3727 is due to an element other than nebulium, for which he 
suggested the name “archonium,” and for which an atomic weight of 
slightly less than 3 was derived theoretically. A place is therefore given 
to this hypothetical element under that name. 

The reviewer is gratified to note that the authors do not adopt the 
name “‘ Aldebaranium” for the element first named by Urbain as ‘“ Neo- 
Ytterbium.”” There was a dispute as to priority between Auer von 
Welsbach and Urbain in regard to the separation of Ytterbium, and 
Kayser in his Volume VI decided in favor of Welsbach as to the discovery 
but not as to the name. The reviewer takes this opportunity to throw 
a belated brickbat into the controversy. It is nothing less than ridiculous 
for the discoverer of an element to give it a name filched from another 
branch of science with which it has not the slightest connection. We 
protest also against A. von Welsbach’s equally misplaced name of 
“Cassiopeium”’ for the other component of Ytterbium. It certainly 
would be natural for anyone reading these names to suppose that there 
was at least some slight association between the spectra of these elements 
and that of the star, or of some member of the constellation, whose names 
are brought down from the heavens for the purpose. Astronomers 
must insist that chemists discovering a new element shall let the stars 
alone unless and until they can prove some genuine connection between 
their spectra. For us, these elements shall be Lutecium and Neo- 
Ytterbium, as they were named by Urbain, in spite of the fact that Wels- 
bach seems to have had the right, exercised too late and too badly, to 
preside at the christening. 

About one-fifth of the Lieferung is occupied with a summary of the 
work that has been done on the spectrum of iron in the last decade. The 
references begin at 115 and close with 275. ‘The table of wave-lengths 
covers about sixty-six pages, and includes most of the reliable observa- 
tions made with the grating and interferometer by such skilful observers 
as Burns, Meggers, St. John, and others, together with determinations of 
short wave-lengths by Millikan, Sawyer, and others. The gratifying 
increase in precision during these last ten years, due to the rigorous 
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precautions taken with respect to the source, is referred to by the authors 
in the following remark: 

If we look over the whole table, it appears that aside from the regions of 
the longest and shortest waves, for many hundred lines distributed over the 
whole spectrum, an accordance has already been attained which guarantees 
a precision of from one to two thousandths of an angstrom unit. Enough 
normals of high precision are, therefore, now available for most practical 


purposes. 


The authors refer to J. Hartmann’s extensive paper published as 
Number XIX of the Mitteilungen, of the Observatory at Gottingen, in 
1916. In this Hartmann attempts to makea thorough overhauling of the 
Rowland system of wave-lengths, correcting its internal errors by 
measurements with the interferometer by Fabry and Buisson. We are 
glad to call attention to this paper by Hartmann covering seventy-eight 
pages, as its circulation has doubtless been much limited on account of 
the war. It contains tables for the correction of Rowland’s standard 
wave-lengths and for their conversion into the international system. 
They may be, at times, of considerable use to those working with the 
Rowland system, although Kayser and Konen express the opinion that 
in practice these conversions cannot well be made with an accuracy 
greater than o.o1 A, as given by them in Volume VI of their Handbuch 
der S pectrosco pie. 

At our request G. E. Stechert and Company, of New York, inform 
us that they import the volume at $7.50, unbound, which we have since 
learned is also the export price from Germany. 

We congratulate Professors Kayser and Konen that they have been 
able to add a record of the work of spectroscopists for another decade 
to the great encyclopedia of practical spectroscopy for which the world 
is greatly indebted to Professor Kayser. 


E. B. F. 


Verhandelingen van Dr. P. Zeeman over Magneto-O plische Verschijn- 
selen. Leiden: Eduard Ijdo, 1921. 8vo, pp. xv +341, figs. 24, 
plates XIV. 

This handsome volume consists of a collection of the more important 
papers contributed by Professor Zeeman to magneto-optics following 
his brilliant discovery of what has since been known as the Zeeman effect. 
The book is issued in honor of the twenty-fifth anniversary of Professor 


Zeeman’s discovery, by a committee consisting of Messrs. H. A. Lorentz, 
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H. Kamerlingh Onnes, I. M. Graftdijk, J. J. Hallo, and H. R. Woltjer. 
The volume is adorned with a fine photogravure of Professor Zeeman as 
a frontispiece. 

The first paper is the classic announcing the discovery of the Zeeman 
effect, and is published in Dutch, English, French, and German, as it 
appeared in contemporary journals in those languages. This paper is 
followed by eighteen others, in the languages in which they originally 
appeared. The titles are: 

1. “On the Influence of Magnetism on the Nature of the Light 
Emitted by a Substance”; 

2. ‘““Doublets and Triplets in the Spectrum Produced by External 
Magnetic Forces’; 

3. ‘Measurements Concerning Radiation-Phenomena in the Mag- 
netic Field”; 

4. “On an Asymmetry in the Change of the Spectral Lines of Iron 
Radiating in a Magnetic Field”; 

5. “Some Observations Concerning an Asymmetrical Change of 
the Spectral Lines of Iron Radiating in a Magnetic Field”’; 

6. “*Weiteres zur unsymmetrischen Aenderung der Spectrallinien 
in einem Magnetfelde”’; 

7. “Some Observations on the Resolving Power of the Michelson 
Echelon Spectroscope”’; 

8. “Observations on the Magnetic Rotation of the Plane of Polarisa- 
tion in the Interior of an Absorption Band”’; 

g. “On the Double Refraction in a Magnetic Field near the Com- 
ponents of a Quadruplet”’; 

10. “Double Refraction near the Components of Absorption Lines 
Magnetically Split into Several Components”; 

11. ‘Solar Magnetic Fields and Spectrum Analysis”; 

12. “Recherches sur la décomposition magnétique des raies spec- 
trales”’; 

13. “Changement de longueur d’onde de la raie médiane d’un triplet 
dans un champ magnétique”; 

14. “The Degree of Completeness of the Circular Polarization of 
Magnetically Divided Lines”; 

15. ‘““The Magnetic Separation of Absorption Lines in Connection 
with Sun-spot Spectra”; 

16. “Considerations Concerning Light Radiation under the Simul- 
taneous Influence of Electric and Magnetic Forces and Some Experiments 
Thereby Suggested”; 
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17. “On the Polarisation Impressed upon Light by Traversing the 
Slit of a Spectroscope and Some Errors Resulting Therefrom”’; 

18. ‘‘A Method for Obtaining Narrow Absorption Lines of Metallic 
Vapours for Investigations in Strong Magnetic Fields’’; 

19. ‘‘Magnetic Resolution of Spectrum Lines and Temperature.” 

This collection of Professor Zeeman’s most important papers will 
be of the greatest convenience to spectroscopists and physicists generally. 
The book is beautifully printed, and the illustrations are excellent. 


F, 


L’Astronomie et les Astronomes. By AUGUSTE COLLARD. Bruxelles: 
G. Van Oest & Co., 1921. 8vo, pp. vili+119. 

This book, by the librarian of the Royal Observatory of Belgium, 
belongs to a series of bibliographies issued for the advancement of science, 
literature, and fine arts in Belgium. It forms a partial index of the 
astronomical literature published since 1880, being to some extent a 
continuation of the well-known Bibliographic générale de l’astronomie, 
by J. C. Houzeau and A. Lancaster. Astronomy is divided into eight 
sections, and the books are arranged chronologically under each language. 

By its limitation to books published through the usual trade channels, 
this work naturally fails to give a proper record of the actual bibliography 
of astronomy during the last forty years. Many of the most important 
works have appeared in the serial publications of observatories or of 
learned societies, or in scientific journals. For example, but one work 
is attributed to E. C. Pickering during this period, and that is Contents 
of Annals of Harvard College Observatory. If this were intended to 
imply that Pickering was the author of all the Annals, it would more 
nearly represent his contributions to astronomy, but this particular 
part of one of the Annals happens to have been included, otherwise 
his name would have been wholly omitted. Again, Simon Newcomb 
is credited with only his separate books, most of them popular, without 
reference to his important contributions in the astronomical papers of 
the American Ephemeris. ‘This limitation thus excludes all the work of 
the late J. C. Kapteyn. 

There is an index to authors at the end of the volume. 
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